• Female pregnant rats were food restricted during pregnancy.
H I G H L I G H T S
• Female pregnant rats were food restricted during pregnancy.
• The male F1 generation received hypercaloric diet during the juvenile period.
• Hypercaloric diet attenuated the reproductive impairments in male F1 rats.
• Hypercaloric diet did not reduce the tendency to become overweight/obese. a b s t r a c t a r t i c l e i n f o
Introduction
Maternal food restriction can affect the sexual behavior of offspring. Rhees and Fleming [1] showed that maternal undernutrition severely impaired male copulatory behavior. Female hamsters in estrus prefer
In addition, mammalian embryos have evolved to adjust their organ and tissue development in response to an adverse environment. This adaptation is called phenotypic plasticity and allows the organism to adapt to the environment where the fetus develops [6] . The thrifty phenotype hypothesis proposes that poor nutrition in early life results in poor fetal growth and an increase in the susceptibility to type 2 diabetes and metabolic syndrome [7] . Adult individuals whose mothers were undernourished early in pregnancy exhibited higher rates of intra-abdominal adiposity associated with a higher risk of metabolic disease [8, 9, 10] and heighten energy balance dysfunction in adulthood [11, 12] .
Diet ingestion stimulate serotonin release in areas of hypothalamus related to feeding control involved with the central control of energy homeostasis [13] . Serotonin stimulation by food ingestion was more pronounced and lasted longer in the restricted pups than in the control rats [14] . Fetal programming may modify appetite-regulating hormones and neurotransmitters in undernourished newborns [15] .
Under natural conditions, animals must cope with fluctuations in food resources, and this overcompensation capacity may be a significant adaptive strategy to cope with fluctuating food resources. Maternal food restriction in adult rodents is associated with behavioral, endocrine, immune, and brain impairments and re-feeding mothers a normocaloric diet may restore some physiological conditions, such as maternal body weight [16] and copulatory behavior [17] . Re-feeding studies were performed in animals that were food restricted and re-fed in adulthood [18] or before pregnancy [16] .
To our knowledge, no study has investigated whether re-feeding juvenile offspring from mothers that were food restricted compensates for the reproductive or metabolic effects of maternal food restriction. Thus, the first objective of the present study was to determine whether a hypercaloric diet during the juvenile period in male rats prevents sexual impairments that are caused by maternal food restriction.
Recently, studies from our laboratory found that a hypercaloric diet during the juvenile period caused offspring to become overweight, even though the offspring were subsequently fed a normocaloric diet until adulthood. Furthermore, the hypercaloric diet resulted in reproductive impairments, reflected by a reduction of sexual behavior, lower serum testosterone levels, lower sexual organ weight, and an increase in tumor necrosis factor α (TNF-α) levels [19] . The second objective of the present study was to investigate whether a hypercaloric diet during the juvenile period prevents the tendency to become overweight/obese that is caused by maternal food restriction.
Because the dopaminergic and serotoninergic systems may be affected by prenatal undernutrition [4] , the effects of re-feeding on striatal and hypothalamic levels were also examined.
Materials and methods

Animals
Female (n = 18) and male (n = 9) Wistar rats from the School of Veterinary Medicine, University of São Paulo, were used. The female rats were individually housed in microisolator cages (Techniplast) at a controlled temperature (22-26°C) and humidity (50-65%) in artificially lit rooms on a 12 h/12 h light/dark cycle (lights on at 7:00 AM) with free access to sterilized water and irradiated food. Sterilized, residuefree wood shavings were used for the animal bedding. To evaluate sexual behavior, the light cycle was reversed (i.e., lights on at 11:00 PM). The animal procedures were performed in accordance with the guidelines of the Committee on Care and Use of Laboratory Animal Resources and Brazilian Institutional Ethics Committee guidelines, Paulista University (protocol no. 134/12, CEUA/ICS/UNIP, 15/10/2012). The experiments were performed in accordance with good laboratory practice protocols and quality assurance methods. All efforts were made to minimize the suffering of the animals.
Maternal studies
The pregnant females (F0 generation) were divided into two groups. In the control group (n = 6), the animals received food ad libitum. In the second group (n = 12), the pregnant rats were subjected to food restriction that was 40% of the total amount ingested by controls. Food restriction occurred from gestational day (GD) 2 to GD18. Dams were foodrestricted from GD2 to GD18 because we previously observed that maternal food restriction at the end of pregnancy can lead to perinatal death or maternal cannibalism [20] . From GD18 onward and during lactation, the dams received ad libitum laboratory chow. On postnatal day (PND) 2, reproductive performance was evaluated, including postpartum maternal weight, the total number of pups born, the total number of female and male pups born, litter weight, and pup death. After this procedure, the litter was culled to eight pups (four males and four females) for each dam to prevent litter effects.
Studies of male F1 generation in the juvenile period
On PND23, the male pups (F1 generation) from dams that were food-restricted were randomly divided into two groups: one group received a hypercaloric diet from PND23 to PND65 (food restricted hypercaloric [FRH] group). After PND65, the diet was changed to standard laboratory chow. The other group received laboratory chow from PND23 until adulthood (food restricted control [FRC] group). Pups from non-food-restricted dams (NFR group) received laboratory chow during the entire experiment. The female F1 rats were employed in other experiments [21, 22] .
The hypercaloric diet (Ensure®, Abbot Brasil, São Paulo, SP, Brazil) contained a total of 1 kcal/ml in addition to laboratory chow (Nuvilab, Sogorb Ind. & Com. Ltda, São Paulo, SP, Brazil; values per 100 g solid food item: 4.2 kcal/g, 56% carbohydrate, 19% protein, 4.5% cellulose, 5% vitamins, and 3.5% g total fat) and was administered ad libitum. Ensure® is a highly palatable liquid diet supplement, and each 231 kcal bottle contained 1.7 g polyunsaturated fat, 3.59 g monounsaturated fat, and 2.2 g saturated fat. It did not contain any trans-fat. It was presented in a graduated cylinder with a stopper, with 600 ml/bottle. Because the rats were housed four per cage, the Ensure® and laboratory chow consumption was evaluated for each cage as a whole (i.e., not for individual rats). The consumption of both diets was measured daily, and the diets were changed daily. The mean Ensure® consumption over 20 days was 600 ± 10 ml/day/cage, and chow consumption was 44.11 ± 9.56 g/day/ cage. Thus, the total kcal consumed/day/cage in the hypercaloric diet groups was approximately 800 kcal. The total kcal consumed/day/cage in the laboratory chow groups was 530 kcal.
The male rats of the F1 generation were weighed weekly from PND23 to PND65, and the delta weight was defined as the difference between the last and first evaluated weights. The day of balanopreputial separation, which defines the start of sexual maturity in rats [15, 16] , was observed from PND29 to PND45.
Studies of male F1 generation in adulthood
On PND90-95, body weight and sexual behavior were analyzed in males. Twenty-four hours after this procedure, the rats were rapidly decapitated, and the brain, blood, testis, seminal vesicle, one slice of abdominal subcutaneous tissue, and retroperitoneal tissue were collected. The testis, seminal vesicle, and retroperitoneal tissue were weighed. The abdominal skin was processed by conventional methods for fixation and paraffin embedding and stained with hematoxylin-eosin (HE) for morphological evaluations as previously described [21] . The brains were used for neurochemical analyses, and blood was used to evaluate serum testosterone and TNF-α levels.
Male sexual behavior
Male rats were placed together with females in estrus. Estrus was induced by subcutaneous administration of 1.0 mg/kg estradiol valerate 24 h before the experiment. The behavioral observations were performed during a reverse light/dark cycle (starting at 2:00 PM). The following parameters were observed for 15 min: latencies first mount, to first intromission and to first ejaculation (in seconds from the start of experiments and the parameter observed), number of mounts until first ejaculation, and number of intromissions until first ejaculation. The percentage of rats that ejaculated in 15 min was also calculated.
Serum testosterone evaluation
The analysis of testosterone was performed using a commercially available enzyme-linked immunosorbent assay kit according to the manufacturer's instructions (Cayman Chemical, Ann Arbor, MI, USA; catalog no. 582701).
Striatal dopamine levels
The rats were decapitated, and their brains were rapidly dissected and placed on dry ice. The striatum, which is part of the neurocircuitry of sexual motivation [24] , was dissected, weighed, and stored at − 80°C until further analysis. Striatal dopamine and its metabolites (3,4-dihydroxyphenylacetic acid [DOPAC] and homovanillic acid [HVA]) were measured by high-performance liquid chromatography as previously described [25, 26] . The data are expressed as ng/mg of tissue.
Evaluation of obese/overweight rats of the male rats of F1 generation
Before the observations of male sexual behavior, body weight was recorded. The retroperitoneal fat (RPF) was weighed and the number of adipocytes was counted in subcutaneous abdominal tissue. The HE slides of abdominal subcutaneous tissue were prepared for each rat. Random photomicrographs of the hypodermis were taken for each slide using a 10× objective. For the quantitative evaluation of abdominal adipose tissue cells, ImageJ software was used, with manual delimitation of a single adipose cell area (expressed in pixels). The adipose cells were classified as two distinct subpopulations: larger cells (≥ -9000 pixels) and small cells (≤ 8999 pixels). The proportion of each cell population was analyzed statistically.
Serum TNF-α levels in the F1 generation
The analysis of TNF-α was performed using a commercially available enzyme-linked immunosorbent assay kit according to the manufacturer's instructions (DuoSet kits, R&D Systems, Minneapolis, MN, USA; catalog no. DY510).
Statistical analyses
Homoscedasticity was verified using an F-test or Bartlett's test. Normality was verified using the Kolmogorov-Smirnov test. Maternal reproductive performance was analyzed by Student's t-test. Two-way repeated-measures analysis of variance (ANOVA) followed by the Bonferroni test was used to compare weight gain and the day of balanopreputial separation during puberty. One-way ANOVA followed by Tukey's test was used to analyze the male pups' body weight in adulthood, sexual behavior, sexual organ weight, and adipocyte area. The levels of dopamine, dopamine metabolites, TNF-α, and testosterone were compared using the Kruskal-Wallis test. The results are expressed as mean ± SEM or as a percentage. In all cases, the results were considered significant at p b 0.05.
Results
Maternal studies
The number of males per litter (t = 7.858, df = 16, p b 0.0001), the number of females per litter (t = 6.899, df = 16, p b 0.0001), and litter weight (t = 10.27, df = 16, p b 0.0001) decreased in dams that were food-restricted compared with the control group. No differences were observed in the other reproductive parameters (Table 1) . Thus, maternal food restriction caused reproductive impairments in dams.
Studies of male F1 generation in the juvenile period
The two-way repeated-measures ANOVA revealed significant effects of time (F 6,147 = 627.17, p b 0.0001) and diet (F 2,147 = 27.20, p = 0.0001) on weekly body weight (Fig. 1A) , with a significant time of observation × diet interaction (F 12,147 = 2.91, p = 0.0001). The Bonferroni post hoc test indicated that the delta body weight in the FRH group was greater than in the FRC and NFR groups on PND65 (p b 0.001). Moreover, a significant increase in the delta weight was observed in the FRH group compared with the NFR group on PND58 (p b 0.0001). No differences were observed between body weight of all groups in adult age (F 2,21 = 1.08, p = 0.35, Fig. 1B) . Also, no differences were found in the day of balanopreputial separation between the NFR (PND38.0 ± 1.0), FRC (PND38.0 ± 1.0), and FRH (PND37.9 ± 1.0) groups. Thus, hypercaloric diet in FRH group increased body weight in sexually mature juvenile rats.
Studies of male F1 generation in adulthood
The one-way ANOVA revealed a significant difference in the latency to the first mount (F 2,20 = 3.61, p = 0.04; Fig. 2A ). Tukey's test indicated that this parameter increased in the FRC group compared with the NFR group but not compared with the FRH group. Moreover, the latency to the first intromission was different between groups (F 2,22 = 4.40, p = 0.02; Fig. 2B ). Tukey's test indicated that this parameter increased in the FRC group compared with the NFR group but not compared with the FRH group. The other parameters did not differ between groups (latency to first ejaculation: F 2,20 = 2.58, p = 0.10, Fig. 2C ; number of mounts: F 2,20 = 0.09, p = 0.91, Fig. 2D ). It was observed that 100% of male rats of all groups ejaculated until 15 min. Thus, maternal food restriction but not the hypercaloric diet caused impairments in sexual behavior in male offspring. No significant differences were found between groups in absolute testis weight ( Table 1 ). Thus, neither maternal food restriction nor the hypercaloric diet affected sexual organ weight development. Testosterone levels did not differ between groups (KW = 0.53; Supplementary Table 1) . Table 1 Reproductive performance in rats food-restricted (40%) or not during pregnancy. The data are expressed as the mean ± SEM, percentages, or absolute values (control group: n = 6/ litter; experimental group: n = 12/litter).
Parameter
Control Table 2 shows striatal serotonin and dopamine and its metabolite levels in the NFR, FRC, and FRH groups. No differences were observed in dopamine levels (F 2,24 = 0.56, p = 0.58), HVA levels (F 2,24 = 0.82, p = 0.45), or the HVA/dopamine ratio (F 2,24 = 2.38, p = 0.11) between groups. Differences were observed in DOPAC levels (F 2,24 = 28.40, p = 0.0001) and the DOPAC/dopamine ratio (F 2,24 = 22.97, p = 0.00001). Compared with the NFR group, the FRC group had lower DOPAC levels (p b 0.01). The levels and the DOPAC/dopamine ratio increased in the FRH group compared with the NFR and FRC groups. Thus, maternal food restriction but not the hypercaloric diet reduced dopaminergic activity. Refeeding restores the dopamine levels to similar levels of control group. Moreover, the dopaminergic activity was increased in FRH groups.
Concerning to striatal serotonin (F 2,26 = 3.21, p = 0.06) and 5-HIAA (F 2,26 = 0.25, p = 0.78) levels no differences were observed between groups; an increased 5-HIAA/serotonin ratio was observed in FRH group relative to NFR and FRC groups (F 2,26 = 23.21, p = 0.0001).
No differences were observed between groups on hypothalamic dopamine, serotonin and its metabolites levels (data not show).
On PND90, no differences in male body weight were observed between groups (F 2,23 = 1.08, p = 0.36; Supplementary Table 1) . Thus, maternal food restriction did not affect the body weight of adult rats that received a hypercaloric diet.
The number of adipocytes was significantly different between groups (F 2,26 = 4.71, p = 0.019; Fig. 3A ). Tukey's multiple-comparison test showed that the number of adipocytes was higher in the FRH group compared with the NRC group (p b 0.05) but not compared with the FRC group (p N 0.05).
The retroperitoneal fat weight was significantly different between groups (F 2,26 = 5.92, p = 0.008; Fig. 3B ). Tukey's multiple-comparison test showed that the retroperitoneal fat weight was higher in the FRC and FRH groups compared with the NRC. No differences were found between the NFR and FRH groups.
Serum TNF-α levels differed between groups (KW = 8.54; Fig. 4 ). Dunn's multiple-comparison test indicated that TNF-α levels increased in the FRC group compared with the NFR group. No differences in TNF-α levels were found between the NFR and FRH groups. Thus, maternal food restriction but not the hypercaloric diet increased the levels of this proinflammatory cytokine mediator, indicating peripheral immune activation.
Discussion
Under natural conditions of food availability, rodents often face food shortages in certain stages of their lives [27, 28] and can experience prolonged periods without sufficient food. In many species, including humans and laboratory rats, food restriction is accompanied by suboptimal reproductive success [29, 30] . Severe undernutrition decreases the rate of conception and increases the likelihood of premature delivery and birth of small offspring [31] . Maternal reductions of food intake can lead to resorption, fetal mortality, lower fetal weight, fewer fetuses, and lower intrauterine weight [32] . Evidence from clinical studies also indicates that suboptimal growth in the first trimester is associated with a higher risk of low birth weight and premature delivery, suggesting a relationship between early development and the length of gestation [33] . Thus, the fewer male and female pups per litter and lower litter weight in the present study appear to be a consequence of the dam's food restriction during pregnancy.
Another possibility that may explain the pups' lower body weight is that maternal undernutrition may decrease milk production and hence the growth of suckling rats [34] . However, the FRC group did not exhibit differences from the control group in body weight during development or in adulthood. In the present study, the dams were food-restricted until GD18. From this day onward and during lactation, the dams received food ad libitum. This may allow adequate amounts of milk to be given to the pups and reverse the effects of maternal food deprivation on the pup's body weight.
Maternal food restriction that was associated with a prepubertal hypercaloric diet increased body weight in the FRH group compared with the NFR (PND 58 and 65) and FRC groups (PND 65). These differences were not observed either at earlier time-points or in adulthood. The present results are not consistent with previous data that showed that prenatal maternal food deprivation that was associated with an early hypercaloric diet in pups significantly increased body weight in adulthood [6, 11] . Considering that nutritional deficiency has opposing effects on adult obesity, depending on its timing during gestation [35] , discrepancies between the present data and previous studies may reflect differences in the onset, duration, and type of nutrient deprivation rather than the deficiency itself [6] .
Although no differences in body weight were observed between groups in adulthood, the number of abdominal adipocytes increased in the FRH group compared with both the NFR and FRC groups, suggesting a tendency to become obese/overweight. These data are consistent with the hypothesis of Hales and Baker [36] suggesting that maternal undernutrition causes a tendency to become overweight or obese in subsequent generations. Re-feeding in both FRC and FRH groups during the juvenile period revealed this tendency.
We observed an increase in serum TNF-α levels in the FRC group but not in the FRH group. As reviewed by Wanders et al. [37] , adipocytes Fig. 1 . Pup body weight during the juvenile period in male rats whose dams were or were not food-restricted and fed or not fed a hypercaloric diet from PND23 to PND65. NRC, pups from non-food-restricted dams that received laboratory chow during the entire experiment; FRC, pups from food-restricted dams that received laboratory chow from PND23 to PND65; FRH, pups from food-restricted dams that received a hypercaloric diet from PND23 to PND65. The data are expressed as mean ± SEM. n = 8/group. a p b 0.05, significant difference in pup body weight compared with the NRC group, b p b 0.05, significant difference in pup body weight compared with the FRC group (two-way ANOVA followed by Bonferroni test).
produce several adipokines that act both positively and negatively in systemic inflammatory processes. In lean individuals, adipocytes maintain a noninflammatory cytokine profile. Inflamed adipose tissue, commonly seen in the context of obesity, is characterized by increased macrophage infiltration and the appearance of clusters of macrophages that are referred to as crown-like structures. This is associated with a shift from an anti-inflammatory M2/Th2 population toward a proinflammatory M1/Th1 type of immune response. In obese individuals, adipocyte hypertrophy is associated with the dysregulation of adipokine secretion [38] , producing more proinflammatory cytokines (including TNF-α) and contributing to the chronic inflammation that is seen in obesity [39, 40] . Adipose tissue inflammation, particularly retroperitoneal fat [41] , is characterized by an increase in the expression of the inflammatory cytokines TNF-α and interleukin-6 and suppression of the antiinflammatory adipokine adiponectin [42] . However, we did not observe an increase in serum TNF-α levels in the FRH group. We speculate that this unexpected effect resulted from leptin levels after refeeding. Increases in adiposity is related to a downregulation of leptin expression in adipocytes of fat depots [43] , while refeeding was associated with recovery in leptin levels [44] . Leptin exhibits potent immunomodulatory properties but the modulation of leptin levels under fasting/refeeding conditions have been described to be nonproportional to the reduction/increase in fat mass [45] .
In male rodents, maternal food restriction can strongly affect several reproductive aspects by decreasing their ability to compete with other males and decreasing attractiveness to females [46] . Compared with the NFR group, maternal food restriction increased the latency to the first mount and intromission. Sexual behavior in male nonhuman animals has two distinct phases: a highly variable sequence of behaviors that involve attracting and courting a female (appetitive phase) and a highly stereotyped copulatory sequence (consummatory phase) [47, 48] . Mount and intromission latencies are considered measures of sexual motivation [49, 50] . Thus, rats from food-restricted dams may have presented decreases in sexual motivation (i.e., the appetitive phase).
Sexual motivation depends on steroid hormones that act within the central nervous system, modifying neuronal excitability and several neurotransmitter systems in specific brain structures [5] . Male sexual behavior in adult mammals is modulated by testosterone [51] , and it requires normal functioning of the hypothalamic-pituitary-testicular axis [49] . In the present study, no differences were observed in serum testosterone levels between the NFR and FRC groups. Thus, the interference with testosterone levels was not attributable to a decrease in sexual motivation in the FRC group. Moreover, the restorative effects of re-feeding on sexual motivation in the FRH group were not attributable to changes in testosterone levels because testosterone levels were unchanged in this group.
Stimuli from a receptive female or copulation itself leads to the release of dopamine in three principal integrative sites that control sexual motivation and genital and somatomotor responses in male rats [6] . Dopamine plays a central role in the translation of long-term steroid effects into rapid behavioral events, facilitating sexual behavior.
In the present study, maternal food deprivation during gestation led to a decreased striatal dopaminergic activity, expressed by the decrease Table 2 Striatal dopamine, serotonin and metabolites levels (ng/g of tissue) in male rats whose dams were food-restricted or not during pregnancy and fed or not a hypercaloric diet from postnatal day (PND) 23 to PND65. NRC, pups of non-food-restricted dams that received laboratory chow during the entire experiment; FRC, pups of food-restricted dams that received laboratory chow from PND23 to PND65; FRH, pups of food-restricted dams that received a hypercaloric diet from PND23 to PND64. n = 9-10/group. DOPAC-(3,4-dihydroxyphenylacetic acid; HVA-homovanillic acid; 5-HIAA-5-hydroxyindoleacetic acid. The data are expressed as mean ± SEM. *p b 0.05, **p b 0.01, ***p b 0.01 compared with NRC group; a-compared to FRC group (one-way ANOVA followed by Tuckey test). Sexual behavior in male rats whose dams were or were not food-restricted during pregnancy and fed or not fed a hypercaloric diet from PND23 to PND65. NRC, pups from non-foodrestricted dams that received laboratory chow during the entire experiment; FRC, pups from food-restricted dams that received laboratory chow from PND23 to PND65; FRH, pups from food-restricted dams that received a hypercaloric diet from PND23 to PND64. n = 7-8/group. The data are expressed as mean ± SEM. *p b 0.05, compared with NRC group (one-way ANOVA followed by Bonferroni test).
in DOPAC/Dopamine ratio, in adult male offspring, but no changes in dopamine levels were observed. Dopamine is released in the striatum during copulation, but not during precopulatory exposure to a receptive female, suggesting that striatal dopamine is important for motoric aspects of copulation, but not sexual motivation [52] . Thus, the impairments in sexual behavior in the FRC group may be attributable to lower dopaminergic activity. It is possible that refeeding restores the dopaminergic activity and the sexual behavior. No differences on hypothalamic dopamine levels were observed in our experiments. In our study, male rats prenatally food restricted were observed in adult age, showing that the impairment of sexual behavior occur until this age. In addition, the involvement of dopamine with maternal food restriction and refeeding of rats in adult age remains to more investigations in other central nervous system areas. Further, Fernandez et al. [53] show that undernutrition in utero and during lactation reduces permanently male rats sexual and exploratory behavior. The sexual behavior deficit could be reversed by feeding oilenriched diets from weaning. In addition, Teixeira et al. [54] proposed that the effect of undernutrition on reproduction is not related to reduced protein intake but caloric restriction. In caloric restriction, there is a relationship between sex behavior, androgen receptors, and testosterone. Thus, it is possible that refeeding in FRH group restores the sexual behavior by increase the energy expenditure.
Serotonin is regarded as inhibitory on sexual behavior. Antidepressants of the selective serotonin reuptake inhibitor class (SSRIs) impair ejaculatory/orgasmic function and frequently inhibit erectile function and sexual interest as well [55, 56] .
Conversely, decreases in serotonergic activity, due either to lesions of cell bodies in the raphe nuclei [57] or to synthesis inhibition [58] , facilitated male copulatory behavior. However, no differences were observed on striatal serotonin activity in FRC group relative to NRC group, suggesting that the decreased sexual behavior observed in prenatal food restriction rats was not directly related do striatal serotoninergic activity.
In this respect, male sexual behavior is controlled in a nutritional state-dependent manner suggesting that energy state-related signaling and sex-related signaling are interactively involved in behavioral control [59] . The neuropeptide Y (NPY) signaling in the dorsal raphe nucleus inhibits male sexual behavior in mice. This neuropeptide plays a key role in nutritional state-dependent regulation of male sexual behavior [59] . Under energy-restricted conditions, the priority of ingestive behavior is higher than that of reproductive behaviors such as sexual behavior and rearing behavior, because ingestive behavior is essential for immediate survival of the individual. Thus, presently, re-feeding could restore the normal status of energy revealed by the increased serotoninergic activity and also restores de normal copulatory behavior in our rats.
Maternal food restriction affects the fetal programming and modify appetite-regulating hormones and neurotransmitters in undernourished newborns [60, 61] . Serotonergic and dopaminergic receptors may be targets for the treatment of cognitive deficits and feeding disorders. This vulnerability may result from abnormalities in the development and integration of serotonergic and dopaminergic projections during the prenatal period [14, 62] . Re-feeding during adolescence period can restores some of these impairments by increasing energy expenditure.
Thus, fetal programming may modify appetite-regulating hormones and neurotransmitters in undernourished newborns [15] .
Conclusions
The hypercaloric diet that was administered during the juvenile period attenuated the reproductive impairments that were caused by maternal food restriction through increases in the energy expenditure but not the tendency to become overweight/obese.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.physbeh.2017.01.041.
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